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We  report  the  synthesis  of  gold  carbon  nanotubes  composite  through  a  one-pot  surfactant  free  approach 
and  its  utility  for  ethanol  electrooxidation  reaction  (EOR).  The  method  involves  the  application  of  laser 
ablation  for  nanoparticle  synthesis  and  simultaneous  assembly  of  these  on  carbon  nanotubes.  The 
catalyst  has  been  characterized  by  field  emission  scanning  electron  microscopy  (FESEM),  energy 
dispersive  X-ray  analysis  (EDAX)  and  UV-vis  spectroscopic  techniques.  A  systematic  study  of  gold  carbon 
nanotubes  modified  carbon  paste  electrode  for  EOR  has  been  pursued.  The  kinetic  study  revealed  the 
excellent  stability  of  the  modified  electrode  even  after  200  cycles  of  EOR  and  with  an  Arrhenius  energy  as 
low  as  ~28  kj  mol-1.  Tafel  slopes  that  are  the  measure  of  electrode  activity  have  been  monitored  as  a 
function  of  temperature  of  the  electrolyte.  The  results  indicate  that  despite  an  increase  in  the  reaction 
rate  with  temperature,  the  electrode  surface  has  not  been  significantly  passivated  by  carbonaceous 
species  produced  at  high  temperatures. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Kinetics  of  ethanol  oxidation  reaction  (EOR)  has  been  widely 
studied  on  platinum  in  alkaline  medium  [1-4].  The  two  main 
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reasons  for  this  extensive  research  in  EOR  are:  (i)  Ethanol  is  a  safer 
substitute  to  hydrogen  in  fuel  cell  applications  and  (ii)  Active  cat¬ 
alytic  behaviour  of  platinum  [5  .  Although  platinum  has  been  the 
preferred  catalytic  material,  the  search  for  newer  anode  catalysts  is 
still  ongoing,  since  Pt  is  expensive  and  its  surface  gets  poisoned  by 
carbonaceous  species  produced  during  EOR  [3].  Therefore,  the 
quest  for  studying  EOR  on  different  metal  surfaces  and  nano¬ 
composites  with  less  poisoning  &  superior  catalytic  activity  is 
desirable  [6  .  Gold  nanoparticles  (AuNPs)  in  this  context,  when 
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loaded  over  heterogeneous  supports,  have  wide  applications  per¬ 
taining  to  catalysis  and  electro  catalysis  [7,8].  The  reports  on  the 
kinetics  of  EOR  on  AuNPs  supported  composites  have  however 
been  sparse.  One  such  study  pursued  by  Rodriguez  et  al.  describes 
the  superior  activity  of  gold  in  alkaline  medium  owing  to  the  crucial 
role  of  CO  [9,10].  More  recently,  Pandey  et  al.  have  studied  the 
electrocatalytic  activity  of  AuNPs  on  conducting  polymers  (Au-CPs) 
like  polyaniline  (PANI),  polypyrrole  (PPY),  polythiophene  (PTP)  and 
poly(3,4-ethylenedioxythiophene)  (PEDOT)  [11].  These  studies 
have  broadened  the  scope  for  pursuing  the  kinetics  of  EOR  with 
AuNPs  based  catalytic  composites.  There  are  several  reports  on  the 
use  of  carbon  nanotubes  as  ideal  supports,  on  account  of  their  high 
electrical  conductivity;  surface  area;  mechanical  strength;  and 
chemical  stability  [12  .An  extension  to  this  has  been  the  synergistic 
use  of  AuNPs  supported  on  carbon  nanotube  (CNT)  scaffolds,  having 
the  dual  properties  of  the  individual  entities  [13  . 

Of  the  several  routes  available  for  AuNPs  synthesis,  the  bottom 
up  route  is  very  well  known.  This  approach  gives  precise  control 
over  the  size  and  shape  of  the  synthesized  particles  [14,15]. 
Nevertheless,  the  capping  agents  may  mask  the  catalytic  perfor¬ 
mance  of  the  nanoparticle  by  hindering  the  approach  of  the  reac¬ 
tant  species  towards  the  metal  surface  and  reduce  the  efficiency  of 
the  catalysis  [16  .  Therefore,  an  alternative  top  down  route  for 
synthesis  has  already  been  explored  by  a  number  of  researchers. 
These  methods  involve  electrochemical  17],  microwave  18],  sono- 
chemical  [19]  and  ball-milling  techniques  [20  ,  in  sequel  to  the 
earlier  work  that  involves  the  synthesis  of  AuNPs  in  water  through 
laser  ablation  (LA).  In  the  present  study  we  have  employed  LA 
approach  not  only  to  synthesize  AuNPs,  but  also  to  decorate  them 
over  multi  walled  CNTs  (MwCNTs).  In  this  study,  Au-CNT  composite 
is  synthesized  in  a  single  step  one-pot  reaction  without  the  use  of 
any  surfactants.  To  attain  an  appreciable  loading  of  AuNPs  over 
MwCNTs,  the  MwCNTs  must  be  homogeneously  dispersed  in  water. 
This  dispersion  has  been  made  possible  due  to  the  uniform 


functionalization  of  CNTs  achieved  through  a  microwave  induced 
reaction  3].  In  the  recent  past,  we  have  loaded  NPs  over  func¬ 
tionalized  hydrogen  exfoliated  graphene  using  LA  and  used  it  as  a 
catalyst  for  EOR  and  environmental  remediation  involving  the 
reduction  of  coloured  dyes  [21  .  In  the  present  study,  carbon  paste 
electrode  (CPE)  has  been  modified  using  Au-CNT  and  has  shown 
excellent  catalytic  performance  for  ethanol  electrooxidation  in 
alkaline  medium.  A  high  rate  of  electro-catalytic  activity  has  been 
observed  using  Au-CNTs  with  a  decreased  activation  energy  (AE) 
barrier.  The  AE  for  EOR  with  Au-CNTs  is  ~28  kj  mol-1.  The  electrode 
has  shown  excellent  stability  even  after  200  cycles  of  ethanol 
oxidation.  These  properties  make  the  composite  a  plausible 
contender  for  direct  ethanol  fuel  cell  (DEFC)  and  other  analogous 
applications.  The  hybrid  catalyst  material  has  been  characterized  by 
field  emission  scanning  electron  microscopy  (FESEM),  energy 
dispersive  X-ray  analysis  (EDAX)  and  UV-vis  spectroscopy. 

2.  Experimental  section 

2  A.  Reagents 

MwCNTs  (OD  20-30  nm,  purity  95%)  were  purchased  from 
Cheap  tubes  Inc.  All  the  other  chemical  reagents  used  in  this  study 
were  of  analytical  grade.  All  the  aqueous  solutions  in  this  study 
were  prepared  with  Millipore  water  having  resistivity  of  18.2  Q-cm. 

2.2.  Instruments 

The  UV-vis  spectra  were  recorded  using  a  shimadzu  2450  PC 
UV-vis  spectrophotometer  equipped  with  a  quartz  cuvette  holder 
for  liquid  samples.  FESEM  and  EDAX  were  obtained  from  FESEM 
(Zeiss).  Functionalization  of  CNTs  was  done  using  microwave 
accelerated  reaction  system  (mode:  CEM  Mars)  with  internal 
temperature  and  pressure  controls.  A  high  power  nanosecond  Nd: 
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Fig.  1.  (a)  to  (c)  FESEM  images  of  Au-CNT  under  different  magnifications,  (d)  shows  the  EDAX  Spectrum  of  Au-CNT.  Inset  in  (a)  shows  FESEM  image  of  pristine  MwCNT. 


R.S.  Sai  Siddhardha  et  al.  /  Journal  of  Power  Sources  271  (2014)  305-311 


307 


YAG  (Surelite  III)  laser  with  its  fundamental  harmonic  at  1064  nm 
was  used  as  the  irradiation  source  to  synthesize  Au-CNT.  A  con¬ 
ventional  3  electrode  set  up  was  used  for  all  the  electrochemical 
studies.  All  voltammetric  and  chronoamperometric  measurements 
were  carried  out  using  Ivium  compactstat,  a  potentiostat/galvano- 
stat  equipped  with  a  temperature  controller  (Julabo  Model  F  25). 

2.3.  Laser  ablation  mediated  synthesis  (LAMS)  of  Au-CNT 

MwCNTs  were  functionalized  based  on  previous  reports  [3]  to 
yield  carboxylated  multi  walled  CNTs  (MwCNT-COOH).  In  brief, 
purified  MwCNTs  were  weighed  and  treated  with  a  mixture  of 
sulphuric  &  nitric  acid  under  microwave  radiation  for  20  min  at 
140  °C.  The  generation  of  surface  oxygen  functionalizations  lead  to 
high  aqueous  dispersibility.  The  solid  was  filtered  with  a  10  pm 
membrane  filter,  rinsed  with  water  to  neutral  pH  and  dried  to  80  °C 
under  vacuum  to  a  constant  weight. 

An  aqueous  dispersion  of  MwCNT-COOH  was  prepared  by 
dispersing  1  mg  in  25  ml  of  water.  A  gold  strip  of  (2  cm  x  1  cm)  was 
cleaned  ultrasonically  in  10  ml  piranha  solution  (caution)  and 
placed  in  a  25  ml  beaker  containing  3  ml  aqueous  dispersion  of 
MwCNT-COOH.  A  nanosecond  Nd:  YAG  (Surelite  III)  of  high  power 
at  1064  nm  was  used  as  an  irradiation  source  for  the  gold  strip 
ablation.  The  laser  was  optically  steered  through  a  convex  lens  onto 
the  gold  strip.  The  laser  pulse  energy  was  50  mj  with  a  repetition 
rate  of  10  Hz  and  the  focal  length  was  10  cm.  All  the  conditions 
were  kept  constant  throughout  the  experiment.  The  ablation  was 
continued  for  40  min  and  the  weight  loss  of  the  gold  strip  was 
found  to  be  0.3  mg.  Likewise  the  gold  strip  was  also  ablated  in  water 
to  get  an  aqueous  dispersion  of  AuNPs  and  the  weight  loss  was 
1.3  mg. 

2.4.  Preparation  of  Au-CNT  modified  CPE 

Au-CNT  modified  CPE  was  prepared  by  a  slight  modification  to 
the  conventional  fabrication  [3].  50  mg  of  graphite  powder  was 
homogenously  grinded  with  18  pi  of  paraffin  oil.  The  resultant  paste 
was  compactly  stuffed  into  the  CPE  and  the  exposed  surface  was 
carefully  smoothened.  50  pi  of  the  catalyst  was  drop  cast  layer  by 
layer  in  aliquots  of  10  pi  and  dried  at  room  temperature  for  further 
use.  The  CPE  prepared  then  was  used  in  acidic  as  well  as  in  alkaline 
medium  to  study  the  electrooxidation  reactions.  To  ensure  the 
purity  and  replicable  condition  of  the  electrode,  prior  to  each 
experiment,  CPE  was  washed  with  millipore  water  and  ampero- 
metrically  treated  with  a  positive  potential  of  1.2  V,  followed  by  a 
programmed  negative  potential  of -0.4  V.  This  process  oxidizes  the 
modified  electrode  surface  and  is  accompanied  by  the  removal  of 
the  adsorbed  impurities.  This  ensures  the  regeneration  of  the 
electrode  surface  prior  to  every  experimental  step.  The  CNT 
modified  electrode  that  was  used  as  a  control  was  also  prepared  by 
the  same  procedure. 

3.  Results  and  discussion 

3.1.  Characterization  of  Au-CNT  using  FESEM,  EDAX  and  UV-vis 
spectroscopy 

The  distribution  of  the  nanoparticles  over  tubular  CNT  network 
is  evident  from  the  FESEM  images  with  increasing  resolution  from 
Fig.  la-c.  The  nanoparticles  are  approximately  20-30  nm  in 
diameter.  The  EDAX  spectrum  of  the  nanocomposite  clearly  in¬ 
dicates  the  characteristic  gold  peaks  as  seen  in  Fig.  Id.  The  excluded 
peaks  belong  to  the  ITO  background.  The  normalized  elemental 
analysis  data  of  Au-CNT  obtained  from  the  EDAX  with  the  exclusion 
of  ITO  background  is  presented  in  fable  1.  The  wt.  %  of  gold  loading 


Table  1 

EDAX  elemental  analysis  of  Au-CNT. 


Element 

wt.  % 

at.  % 

C  K 

60.45 

88.72 

O  K 

7.15 

7.88 

Cl  K 

1.23 

0.61 

Au  M 

31.17 

2.79 

Total 

100 

100 

on  CNT  is  calculated  to  be  31.2%  whereas  the  wt.  %  of  carbon  is 
found  to  be  60.4%.  This  gives  an  approximate  estimate  of  the 
amount  of  gold  present  on  the  nanocomposite. 

The  UV-vis  spectrum  of  CNTs  before  and  after  5  min  of  laser 
ablation  of  the  gold  strip  can  be  seen  in  Fig.  2a.  The  MwCNT-COOH 
has  shown  an  extended  broad  peak  between  233  nm  and  265  nm 
corresponding  to  tt-tt*  transition  of  aromatic  C=C  bonds.  The  laser 
ablation  of  the  gold  strip  has  not  only  resulted  in  ablating  AuNPs 
but  also  in  the  deoxygenation  of  the  MWCNT-COOH.  This  is  evident 
with  the  complete  red  shift  of  this  broad  peak  to  265  nm.  There  is 
also  an  emergence  of  the  AuNP  absorption  at  520  nm.  The  UV-vis 
spectrum  profile  of  Au-CNT  dispersion  with  increasing  times  of 
laser  ablation  is  presented  in  Fig.  2b.  The  increase  in  the  520  nm 
peak  with  an  increase  in  ablation  times  is  indicative  of  the 
increased  loading  of  AuNPs  over  the  CNT.  All  these  results  clearly 
demonstrate  the  supporting  of  AuNPs  over  CNTs. 


Fig.  2.  (a)  UV-vis  spectra  of  MwCNT-COOH  and  Au-CNT  before  and  after  5  min  of  laser 
ablation  (b)  UV-vis  spectra  overlay  of  Au-CNT  at  different  ablation  times. 
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3.2.  Voltammetric  behaviour  of  Au-CNT  modified  CPE  in  acid 
medium  and  its  EOR  in  alkaline  medium 

We  have  examined  the  electrocatalytic  activity  of  Au-CNT  by 
studying  the  EOR  of  ethanol  in  0.5  M  NaOH  alkaline  medium.  To 
confirm  that  the  activity  is  solely  due  to  the  nanocomposite,  we 
even  carried  out  a  control  experiment  with  a  bare  gold  electrode 
that  has  shown  no  significant  activity.  The  effective  catalytic  surface 
area  (ECSA)  of  the  catalyst  is  calculated  by  measuring  the  area 
under  the  reduction  current  curve  in  Fig.  3a.  ECSA  indicates  the 
electrochemically  accessible  active  sites  on  the  catalyst.  All  current 
values  are  corrected  with  respect  to  ECSA  of  the  catalyst.  The  EOR 
with  the  different  catalytic  fabrications  of  the  electrode  is  pre¬ 
sented  in  Fig.  3b.  The  catalytic  activity  was  found  to  be  larger  with 
the  composite  than  the  control  in  the  experiment.  The  cyclic  vol- 
tammograms  (CVs)  of  the  catalyst  at  the  1st  and  200th  cycle  are 
shown  in  Fig.  3c.  The  CVs  are  similar  without  any  significant  change 
indicating  the  stability  and  reproducibility  of  the  catalyst  material. 


PotentialA/  vs  Ag/AgCI 


The  details  of  the  onset  and  peak  potentials  along  with  peak  cur¬ 
rents  are  presented  in  Table  2. 

In  this  study,  Au-CNT  has  comparable  onset  and  peak  poten¬ 
tials  but  relatively  higher  currents  than  Au-CPs.  This  indicates 
that  the  combination  of  CNTs  with  AuNPs  acts  as  a  better  con¬ 
ducting  support  than  the  usage  of  CPs.  The  CVs  of  the  Au-CNT 
electrode  at  different  ethanol  concentrations  is  presented  in 
Fig.  3d.  In  all  of  the  CV's  there  is  a  secondary  oxidation  peak 
during  the  reverse  scan.  This  reverse  anodic  peak  can  be  attrib¬ 
uted  to  the  inability  of  the  surface  gold  atoms  to  equilibrate  with 
the  lattice  atoms  after  the  reduction  of  blocking  oxide  film.  This 
consequently  leads  to  the  superior  catalytic  activity  by  the 
exposed  high  energy  sites. 

The  much  familiar  reaction  mechanism  for  the  oxidation  of 
ethanol  in  alkaline  medium  involves  the  conversion  of  ethanol  into 
acetate  ions  at  the  anode.  The  various  reaction  steps  have  been 
summed  up  in  Scheme  1  based  on  the  previous  spectro- 
electrochemical  investigations.  [22]. 


Potential  /  V  vs  Ag/AgCI 


Fig.  3.  (a)  CV  of  Au-CNT  modified  CPE  in  0.5  M  H2S04  solution  (b)  CV  overlay  of  bare  CPE,  MwCNT,  Au-CNT  (c)  The  1st  and  200th  CVs  for  Au-CNT  modified  CPE  in  1M  ethanol  in  0.5M 
NaOH.  (d)  CV  overlay  of  EOR  in  0.5  M  NaOH  solution  for  different  ethanol  concentrations  (e)  CV  overlay  of  Au-CNT  for  EOR  in  1M  ethanol  in  0.5  M  NaOH  at  different  temperatures 
(f)  Arrhenius  plots  of  EOR  using  Au-CNT  at  various  potentials.  Scan  rate:  50  mV  s-1. 
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Nano  composite 

Onset  potential  (V) 

Peak  potential  (V) 

Peak  current  (mA  cm  2) 

Ref. 

1  st  cycle 

200th  cycle 

1  st  cycle 

200th  cycle 

1  st  cycle 

200th  cycle 

Au-CNT 

-0.13 

-0.14 

0.22 

0.20 

3.79 

3.37 

[This  study] 

Au-PANI 

-0.34 

-0.34 

0.31 

0.28 

3.36 

3.50 

[11] 

Au-PPY 

-0.35 

-0.40 

0.14 

0.12 

2.02 

2.00 

Au-PTP 

-0.40 

-0.40 

0.17 

0.20 

1.63 

1.60 

Au-PEDOT 

-0.36 

-0.36 

0.11 

0.12 

2.93 

2.90 

3.3.  Determination  of  activation  energy  and  Tafel  plot  analysis  for 
EOR 

The  CVs  for  EOR  at  various  temperatures  are  represented  in 
Fig.  3e.  The  clear  shift  in  the  onset  potentials  is  indicative  of  the  low 
activation  energy  barrier  for  ethanol  electrooxidation  at  elevated 
temperatures.  The  initial  steps  for  EOR  involve  the  OFT  adsorption 
on  the  gold  surface,  as  established  in  the  earlier  reports  [9].  This 
OHads  is  in  fact  responsible  for  achieving  high  currents  for  EOR.  The 
electrocatalyst  fouling  however,  occurs  on  account  of  the  carbo¬ 
naceous  species  that  are  eventually  generated  during  the  course  of 
the  EOR  that  block  the  catalytically  active  sites.  At  this  juncture, 
OHads  scavenges  the  generated  carbonaceous  species  and  improves 
the  EOR  current  [22,23].  The  low  onset  potentials  at  elevated 
temperatures  are  indicative  of  the  enhanced  adsorption  of  the 
hydroxyl  ions  onto  the  gold  surface  [9,24  .  The  reverse  anodic 
current  increased  with  the  increasing  temperature.  This  can  be 
reasoned  to  be  due  to  the  presence  of  more  catalytically  active  sites 
or  high  energy  gold  centres  at  elevated  temperatures  that  fail  to 
equilibrate  with  their  metallic  lattice.  The  Arrhenius  plots  between 
log  j  and  1000  T-1  are  presented  in  Fig.  3f.  The  linear  relationship  in 
these  plots  suggests  that  the  mechanism  essentially  remains  the 
same  at  all  studied  temperatures. 

The  slope  of  the  Arrhenius  plots  gives  the  activation  energy  (Ea) 
where  the  slope  (s)  =  -EJ 2.303R.  The  average  activation  energy 
value  obtained  for  Au-CNT  is  28.6  kj  mol  1  whereas  for  Au-PANI, 
Au-PPY,  Au-PTP,  Au-PEDOT  it  is  37.0,  56.7,  57.0  and  56.7  kj  mol"1 
respectively.  This  reflects  the  much  lesser  average  Ea  value  of  Au- 
CNT  when  compared  to  the  Au-CPs.  The  relatively  low  activation 
energy  can  be  accounted  for,  by  two  explanations  i.e.  (i)  the  anti¬ 
fouling  efficiency  of  Au-CNT  during  the  EOR  [25]  (ii)  the 
enhanced  kinetic  rate  of  EOR  due  to  the  presence  of  catalytically 
active  nanoparticles  present  on  a  porous  tubular  network  of  CNT  as 
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Scheme  1.  The  mechanism  of  EOR  on  the  gold  electrode  in  alkaline  medium. 


seen  in  the  FESEM  images  Fig.  1.  Although  the  AuNPs  are  the  same 
on  both  the  CNTs  and  CPs,  the  low  activation  energy  in  our  work  is 
conclusive  that  CNTs  provide  a  better  support  for  AuNPs  than  CPs. 
The  Ea  value  obtained  in  the  current  study  is  comparable  to  the 
earlier  reported  Pt,  Pd  and  Au  systems  [26  . 

The  Tafel  slopes  at  various  temperatures  are  presented  from 
Fig.  4a-e.  The  corresponding  slope  values  are  presented  in  fable  3. 
Tafel  slopes  are  essentially  plots  of  polarization  and  are  suggestive 
of  the  reaction  mechanism.  In  case  of  alcohol  oxidation,  these  plots 
however,  are  complicated  on  account  of  the  adsorption  of  the 
carbonaceous  intermediates  resulting  in  the  surface  poisoning.  This 
results  in  the  non-linearity  of  the  Tafel  slope  for  EOR  [27  .  Never¬ 
theless,  Tafel  slopes  are  indicators  that  provide  a  wider  perspective 
about  the  reaction  process  and  the  temperature  dependency  of  the 
EOR  28  .  The  data  obtained  in  the  present  study  reveals  two 
distinct  slopes,  with  the  second  slope  values  being  higher  than  the 
first.  Since  the  variation  of  current  with  the  overpotential  is  also 
indicative  of  the  availability  of  the  free  surface  sites  on  the  elec¬ 
trode,  one  can  relate  the  Tafel  slope  to  the  extent  of  surface 
contamination  during  the  course  of  the  reaction.  A  change  in  the 
Tafel  slope  with  temperature  is  indicative  of  the  degree  of 
adsorption  of  the  impurities  on  the  Au-CNT  surface  as  the  reaction 
progresses.  In  an  earlier  study  [11  ,  using  Au-CP  nanocomposite 
film  electrode,  the  increasing  Tafel  slope  values  increased  with 
increasing  temperature,  that  has  been  attributed  to  the  increased 
passivation  of  the  electrode  surface  by  means  of  carbonaceous 
impurities.  These  adsorbed  carbonaceous  impurities  block  the 
active  centres  during  the  EOR.  But  in  the  present  study,  there  is  a 
distinct  decrease  in  the  Tafel  slopes,  which  is  due  to  an  increase  in 
the  EOR  currents  with  an  increasing  temperature.  This  decrease  in 
the  surface  passivation  with  increasing  temperature  on  the  Au-CNT 
modified  electrode  surface  when  compared  to  the  Au-CP  modified 
film  electrode  is  evidently  an  advantage  of  the  present  nano¬ 
composite  system.  The  reduced  passivation  effect  of  Au-CNT  sur¬ 
face  also  correlates  well  with  the  lower  activation  energy  of  the 
system  when  compared  to  the  Au-CP  as  discussed  earlier.  This 
highlights  the  auto  depassivation  ability  of  the  Au-CNT  modified 
CPE  towards  EOR. 

A  plot  between  log /  and  logc  (ethanol  concentration)  that  gives 
the  order  of  the  reaction  is  presented  in  the  Supporting  information 
Fig.  SI.  [29  .  The  following  Eq.  has  been  used  to  calculate  the  order 
for  EOR  [26]. 


log  I  =  log  nFk  +  m  log  c 

where  F  is  the  Faraday  constant,  k  is  the  reaction  constant,  m  is  the 
order  of  the  reaction  and  c  is  the  concentration  of  ethanol.  At  any 
constant  temperature,  the  slope  of  the  plot  gives  the  apparent  order 
of  the  reaction  (m)  with  respect  to  the  concentration  of  ethanol.  We 
have  studied  the  order  of  the  reaction  at  0.0  V  and  0.1  V  for  different 
ethanol  concentrations  and  found  it  to  be  0.4  and  0.54  respectively. 
There  is  a  slight  change  in  the  reaction  order  at  the  selected  po¬ 
tentials.  The  reaction  order  is  low  at  lower  potentials  (0.4  V)  and 
slightly  high  at  higher  potential  (0.54)  as  shown  in  Fig.  SI.  This 
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Fig.  4.  Tafel  plots  at  different  temperatures. 


shows  the  dynamic  nature  of  the  mechanism  as  we  move  on  from 
lower  to  higher  potentials. 

4.  Conclusion 

The  present  study  has  devised  a  surfactant  free  synthesis  of  Au- 
CNT  through  the  LAMS  approach.  The  catalyst  has  shown  excellent 


Table  3 

Tafel  slope  values  at  different  temperatures. 


Temperature  (°C) 

Tafel  slope  values 

1st  slope 

2nd  slope 

10 

264.4 

384.6 

20 

269.9 

371.3 

30 

254.7 

372.6 

40 

226.2 

341.7 

50 

215.5 

332.4 

stability  towards  electrooxidation  of  ethanol  even  after  200  CVs. 
The  kinetic  study  of  EOR  in  alkaline  medium  using  the  as- 
synthesized  Au-CNT  has  shown  a  significantly  low  Arrhenius  en¬ 
ergy  of  ~28  kj  mol-1.  Tafel  studies  indicate  the  improved  efficiency 
of  the  catalyst  with  increasing  temperature,  on  account  of  the 
reduced  fouling  of  the  modified  electrode  surface.  This  signifies  the 
auto  depassivation  ability  of  Au-CNT  towards  EOR  and  also  high¬ 
lights  it  as  a  plausible  contender  for  use  as  a  catalyst  material  in  fuel 
cells.  We  intend  to  extend  this  surfactant  free  approach  to  graphene 
based  materials  as  catalysts  for  electrooxidation  of  other  small 
organic  molecules. 
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